1. Depolarization as a Result of Scatterin , Studies of the neutron de~olarization provide us with information En the large scale magnetic inhomogeneities in matter, The purpose of the present report is to discu-ss the general physical pattern of this phenomenon and to illustrate with a few exarcples how one can derive from the depolarizafion physical data which are difficult to extract from the usual scattering experiments, Halpern and Holstein [ I 1 were the first to discuss the phenomenon of neutron depolarization in multidomain ferromagnets as far back as 1941. They considered the depolarization of the passing bezm as a result of uncorrelated turns the neutron spins make in the magnetic field of individual domains. This approach is classical. There is a need therefore in a more rigorous quantui mechanical analysis which was done by FTaleyev and Ruban [ 2 ] . Because of the uncertainty relation, interaction of a neutron with an in%omogeneity results in its scattering. TVIO limiting cases, those of diffraction and refraction, are possible here. In the former, the scattering cen be described in the Born approximation, the characteristic scattering angle being determined only by the size of the inhomogeneity:
Article published online by EDP Sciences and available at http://dx.doi.org/10. 1051/jphyscol:1982703 where k is the neutron momentum. In the second case the Born approximation is invalid and scattering may be treated as refraction at the inhomogeneityts boundary. If the average potential of the inhomogeneity is U , we obtain for the scattering angle the follovring estimate U @ -& ; , a -E y ( 2 where E is the neutron energy. The condition I?, <( % coincides with that of the validity of the Born approximation.
Thus from the quantum mechanical viewpoint interaction of the neutron with a magnetic inhomogeneity is always accompanied by scattering. Obviously the classical picture of Halpern and Holstein is correct only provided this scattering is inessential, i.e. if one may neglect the associated deflection of the neutrons from rectilinear notion. In this case the beam passing through a sample consists both of unscattered neutrons and of the neutrons which have undergone one or several scattering events, all of these neutrons entering the detector. This means that for the classical picture to be valid, the total angular width of the incident beam and of the detector @ (Fig.1) should be larger than the scattering induced beam broadening.
Fia.1. Possible neutron-detector trajectories. 1. Neutron propagating along the beam axis enters detector. 2. Neutron propagates at an angle to the beam axis and enters detector on scattering.
3. Neutron propagates along the beam axis and enters detector after scattering. All these neutrons contribute to the measured polarization.
In other words, the classical picture is correct only provided
where 4' is the characteristic scattering angle coinciding with or &p , and n is the average number of scattering events in the sample.
This situation is easiest to illustrate in the case of a thin. sa~ple where multiple scattering is inessential (n=O), and of small inhomogeneities which scatter in the diffraction regime. The passing beam will now contain neutrons scattered by inhomogeneities of size R > (k @ )-I. By reducing the angular size , we will increase R which will bring about a decrease of the number of scattered neutrons in the passing beam and a decrease of depolarization. In the limit of infinitely narrow beam and detector or, in other words, of a plane monochromatic neutron wave, there will be no depolarieation at EilL This is an obvious consequence of the uncertainty principle. In such a wave, the position of a neutron in the plane perpendicular to the momentum is not completely determined, so that all magnetic inhomogeneities will give, on the average, a zero contribution. Under conditions of refraction the situation is similar, so that in order for the neutron to become scattered by a given inhomogeneity it should pass through it. To do this, however, it should be localized in a region of size R . This is possible only if the angular width of the beam satisfies the condition 9 >, l/kR.
Note that no direct experiment on the dependence of depolarization on the angular width of the passing beam has yet been performed although it could be carried out making use of diffraction from perf e c t c r y s t a l s . From the p a t t e r n of d e p o l a r i z a t i o n considered a s scatt e r i n g i t becomes c l e a r t h a t i t can be employed t o study l a r g e magnet i c inhornogeneities producing s c a t t e r i n g t o such small angles a s t o make d i r e c t observation of t h e s c a t t e r i n g d i f f i c u l t . W e w i l l r e s t r i c t ourselves i n what f o l l o w s t o 8 . c o n s i d e r a t i o n of d e p o l a r i z a t i o n en%& ed i n d i f f r a c t i o n . I t i s due t o the f a c t t h a t i n the case of r e f r a ct i o n the t u r n of a n e u t r o n ' s p o l a r i z a t i o n v e c t o r i n an inhomogeneity i s l a r g e compared t o x r e s u l t i n g i n a p r a c t i c a l l y complete depolariz a t i o n of the passing beam. Any t h e o r e t i c a l d e s c r i p t i o n of depolariz n t i o n i n the intermediate case i s impossible without invoking det a i l e d assumptions on t h e inhomogeneity s t r u c t u r e . !7e w i l l a l s o assume t h a t the inhornogeneities a r e l a r g e and t h a t a l l neutrons a r e s c a t t e r e d i n t o an angular i n t e r v a l which a c t u a l l y i s equivalent t o t'ne c l a s s i c a l p i c t u r e . Note a l s o t h a t the c r i t e r i o n of a p p l i c a b i l i t y of the Born approximation t o s c a t t e r i n g from inhornogeneities can be formulated i n c l a s s i c a l terms a s a condition of smallness of the angle through which the p o l a r i z a t i o n v e c t o r t u r n s i n the magnetic f i e l d of the inhomogezei t y % :
It should be pointed out t h a t a l l phenomena cormected with depolariz a t i o n can be formulated i n c l a s s i c a l terms except f o r the dependence of the magnitude of d e p o l a r i z e t i o n on the beam angular width cp.
1. -Je w i l l use here, however, t h e terms of s c a t t e r i n g a s a more conventional approach.
De o l a r i z a t i o n Anisotro . The dependence of d e p o l a r i z a t i o n on the mEtual o r i e n t a t i o n of B%e p o l a r i z a t i o n v e c t o r of t h e neutrons Y
and of t h e i r v e l o c i t y 3 i s an important f e a t u r e . It o r i g i n a t e s from the s t r u c t u r e of t h e magnetic s c a t t e r i n g amplitude.
-
-A where i s the momentum t r a n s f e r , e = q/q, S; and R; a r e the ato-J J mic s p i n and coordinates, r e s p e z t i v e l y , i7sith summation c a r r i e d out over a l l the magnetic atoms, C the P a u l i m a t r i x f o r the neutron spin. This expression y i e l d s immediately the p o l a r i z a t i o n of the neut r o n s s c a t t e r e d by a magnetically i s o t r o p i c sample:
---P = -e ( e E ) .
( 6 ) This expression was f i r s t obtained by Halpern and Johnson [33. I n s m a l l angle e l a s t i c ( q u a s i e l 2 s t i c ) s c a t t e r i n g the v e c t o r T i s perpendicular t o the v e l o c i t y v . Therefore i f tlie v e c t o r fro i s parall e l t o t h e v e l o c i t y , then s c a t t e r i n g w i l l r e s u l t i n d e p o l a r i z a t i o n of t h e neutrons, while i f Po 1 7 , then t h e s i g n of p o l a r i z a t i o n i s reversed. A comprehensive a n a l y s i s 12 'j l e a d s t o the f ollotving express i o n f o r the d e p o l a r i z a t i o n i n t h i s caae:
where W, i s the d e n s i t y of the magnetic atoms, L the sanple l e n g t h , 6* the c r o s s s e c t i o n of s c a t t e r i n g w i t h i n t h e d e t e c t o r acceptance angle 9 normalized p e r one magnetic atom, the s u b s c r i p t s (1 and 1 r e f e r r i n g t o the neutrons p o l a r i z e d p a r a l l e l and perpendicular t o the v e l o c i t y , respectively. The expression f o r C can be w r i t t e n where : 
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This 3/2-law was thoroughly checked experimentally [4, 5] . Drabkin e t a l . Id.] reported on experiments c a r r i e d out on s p e c i a l l y prepared magn e t i c a l l y -i s o t r o p i c samples of n i c k e l powder. The d e p o l a r i z a t i o n was measured along t h r e e axes-x, y and z , the z a x i s coinciding i n d ir e c t i o n with the v e c t o r v . The r e s u l t s of these experiments a r e l i s t e d i n the 3, Depolarization i n Anisotropic Nedia: A Study of the I!!a,gnetic bnisotropy and Domain Formation i n a PdPe Alloy. W e have seen t h a t i n magnetically i s o t r o p i c materials, d = 3/2. I n a general case t h i s is obviously not so. This opens up a p o s s i b i l i t y t o derive from the neutron depolarization information concerning the magnetic texture of a material and i t s v a r i a t i o n under the influence of external factors. Such s t u d i e s have been c a r r i e d out on an impurity ferromagnet i c a l l o y PdPe ( 4 a t % Pe) near i t s Curie point. The magnetic anisotropy was produced and varied by application of external pressure (5-73. The question of the information obtainable i n such experiments i s t r e a t e d elsetvlzere [ 8 ] . W e aye turning now t o the r e s u l t s of these experiments, I n a general case, the depolarization of neutrons i n a t h i n sample where the n u l t i p l e s c a t t e r i n g e f f e c t s are i n e s s e n t i a l can be w r i t t e n i n the form where 7 i s the s c a t t e r e d neutron polarization. Under e l a s t i c scatter i n g by a magnetic inhomogeneity [9] with 5 defined j u s t a s i n (9). Recall a l s o t h a t the cross section f o r the e l a s t i c magnetic s c a t t e r i n g i s proportional t o L12 = 1 -(+ -2 e m) .
W e restrict-ourselves t o a consideration of u n i a x i a l anisotropy directed along s , while the s c a t t e r i n g c r o s s section and the gepol a r i z a t i o n should depend on m~t u a l o r i e n t a t i o n of the vectors v and -e . Consider only two cases, z 11 v and ; i I 7 (Fig. 2a,b ) the gener a l case being treated elsewhere [ 8 ] . I7!e f i r s t take 7 I($.
Then f o r the s c a t t e r i n g cross section we have
Here XI, is the mean radius of the texture in the direction parallel to the axis of anisotropy. The parameter x , characterizes the correlation of the magnetization vectors along the direction of neutron motion. A rigorous definition of x,, can-be given in the case of homogeneously magnetized do~nains, x = 4 2 = ( < 3 cos aZz -1 ), where 8 %~ is the angle between the magnetization and the axis of anisotropy, the averaging carried out over the so,mple. Here x does not obviously depend on the direction of neutron propa ation. In the generel case of inhomogeneously magnetized regions ?which can, e.g., be typically found near the Curie point as shown by Drabkin and Okorokov[I 01 ) this simple interpre tation does not hold. But in m y case there is a constraint on x
The depolarization can be expressed In terms of the parameters x, and with the 3/2-lavr replaced. by the condition In the isotropic case x u =O. In the general case one can determine the cross section knowing the absolute value of depolarization and thus come the inhomogeneity radius R, and the quantity x,. If the neutron velocity is perpendicular to the anisotropy axis, the situation is much more complicated. First, for the cross section one can vmitc
Here rOL differs from in R , being substituted for RL , whsre R A is the mean size of the texture in the direction perpendicular to the anisotropy axis, x, the parameter x defined by (161,
where, however, integration should be performed along the neutron path perpendicular to the anisotropy axis. As already mentioned, x , , . # x,,. the equality hol-ding only for homogeneously magnetized domains; flnally, c,, is the first coefficient of the Fourier expansion in powers of cos 2p(see Fig.2b ) of the anisotropic part of the magnetic texture formfactor (the exact defiilition being given in ref . [8] ). The depolarization depends now not only on the orientation of the vector 2, with respect to the velocity but on that relative to the z axis 8,s \.?ell. Three caaes shown in Pig.2b may be consi- Expressions (22)- (24) imply the existence of two more polarizat i o n r e l a t i o n s which degenerate into the 3/2-law in the isotropic case. The analysis now, however, becomes more complicated. Even i f we'measure the t o t a l cross s e c t i o n ( 2 1 ) , the number of the parameters involved ( f i v e ) exceeds by one t h a t of the data extracted from experiment. The situat i o n can, however, be simplified i f the inhomogeneities are magne- 7-1 7; 3. Fe 1 2; To 1 T:
(c) Sample under load, Q = =. 0.6 kg/mm2.
I. -P, n Ti; 2, To I 7; 3 -d ,
Further, there are all grounds to expect the parameter d,, to be small since it is a higher order Fourier hamnonic. If this is so, then one can start with the assumption of homogeneity and determine x and c, fron the depolariza,tion only, and after that check the homogeneity assumption. The corresponding experimental studies of the doped ferromagnet Pd.Fe (4 at % Pe) are described elsewhere 15-71. We will now briefly discuss the results obtained. !",'bile palladium is not a ferromagnet, even a slight impurity of iron makes it ferromagnetic. Tie alloy in question had a Curie point near 121 X. The experimental depolarization vs. temperature plots are presented in Fig. 3-5 . Pig.3a shovrs the 3/2-law to be o5eyed with satisfactory accurecy. In this case the sample was unloaded.
Temperature dependence parameters x ,, (1 ) and X, (2) under load 6 = = 0.6 kg/mn2. shows that near T,, x, = x , , , Implying the formation of a quasidomain structure with the wall width comparable to the domain size. Since x > 0, one can conclude that the magnetization Is oriented primadrily along the z axis, i.e. that the pressure induced magnetic anisotropy constant is positive.
As the temperature is 8-ecreased, the quantities x u and x L become equal vrhich evidences the appearance of a conventional do~nain structure with homogeneous magnetization or" the grains.
The parameter x,, / Q -A/K, where A is the nagnetostriction coefficient, 6 the applied pressure, R the constant of anisotropy, was found to depend in a complicated way on temperature (Pig.5). Poor experinental accuracy, hovrever, precludes comprehensive theoretical analysis of this dependence, although such an attempt has already been mncle 1' 71.
4 . Wew Possibilities Opened by Depolarization Studies. As already pointed out, depolarization studies can provide new information on the large scale magnetic inhornogeneities. It is tempting to use this property for the investigation of amorphous magnets. Recently, the problem of the spin zlasses has posed the question of the existence of the so-called clusters or super parm8.gneti.c particles in dilute spin systems. By such clusters we mean here aggregates of atoms with an atomic concentration close to unity while their average atomic concentration c in the sample is small. To describe depolarization in such a system, one has to insert in ( 7 ; in place of (1 1 ) the expression d e t e c t c l u s t e r s of a few t e n s of i n s i z e . It i s a p p a r e n t l y one of t h e most d i f f i c u l t rnetht o i n v e s t i g a t e magnetic c l u s t e r s , s i n c e , i n c o n t r a s t t o s c a t t e r i n g , d e p o l a r i z a t i o n r e s u l t s only from magnetic inhomogeneties p r e s e n t i n t h e n a t e r i a l i n question. It should be borne i n mind,homever, t h a t t h e a n g l e should be chos e n s o a s t o s a t i s f y t h e c o n d i t i o n q > (k1i)'l.
Obviously, by v a r y i n g CP one can roughly d e t e rmine t h e s i z e d i s t r i b u t i o n of t h e c l u s t e r s . In the limiting case of a complete isotropy of the-vezt_or_s iii the golarization is described by the expression (6): P=-e(ePo), where e = z/2 , is the resiprocal lattice vector. Thus studies of polarization under Bragg scattering offers a new possibility for the investigation of antiferromagnetic domains. This refers also to all more complex cases where scattering involves a turn of the polarization vector, e.g. scattering in helical structures. A comprehensive analysis of the polarization phenomena in this case has been done by IIaleyev et al., [l2] .
